Abstract: The precursor to all tetrapyrroles is 5-aminolevulinic acid, which is made either via the condensation of glycine and succinyl-CoA catalyzed by an ALA synthase (the C4 or Shemin pathway) or by a pathway that uses glutamyl-tRNA as a precursor and involves other enzymes (the C5 pathway). Certain ALA synthases also catalyze the cyclization of ALA-CoA to form 2-amino-3-hydroxycyclopent-2-en-1-one. Organisms with synthases that possess this second activity nevertheless rely upon the C5 pathway to supply ALA for tetrapyrrole biosynthesis. The C 5 N units are components of a variety of secondary metabolites. Here, we show that an ALA synthase used exclusively for tetrapyrrole biosynthesis is also capable of catalyzing the cyclization reaction, albeit at much lower efficiency than the dedicated cyclases. Two absolutely conserved serines present in all known ALA-CoA cyclases are threonines in all known ALA synthases, suggesting they could be important in distinguishing the functions of these enzymes. We found that purified mutant proteins having single and double substitutions of the conserved residues are not improved in their respective alternate activities; rather, they are worse. Protein structural modeling and amino acid sequence alignments were explored within the context of what is known about the reaction mechanisms of these two different types of enzymes to consider what other features are important for the two activities.
Introduction
The metabolite 5-aminolevulinic acid (ALA) is the precursor to all tetrapyrroles, molecules that include hemes, chlorophyll and corrins. Tetrapyrroles are necessary for both anabolic and catabolic processes, making them indispensable to all cells. Thus, ALA formation is an essential event. There are two biosynthetic pathways by which ALA is formed, the socalled Shemin or C4 pathway and the C5 pathway. In the C4 pathway ALA is formed via a pyridoxal 5 0 phosphate (PLP)-dependent condensation of glycine and succinyl-CoA. This pathway is present in animal mitochondria and their free-living alpha-proteobacterial relatives. The C5 pathway comprises two reactions in which ALA is derived from glutamyl-tRNA. It takes place in all other cells, as well as in chloroplasts.
Until recently, only one or the other of these pathways was thought to be present in a given organism, with the exception of Euglena. The C4 pathway is used in the mitochondria of that organism, while the C5 pathway is used in its chloroplasts when present. It should be noted that, while Arthobacter globiformis was also reported to have both pathways, 1 the evidence was indirect and subsequent genomic sequences have failed so far to confirm the Additional Supporting Information may be found in the online version of this article.
Significance: This study establishes that all ALA synthases can catalyze the formation of ALA and also the cyclization of ALA-CoA to form molecules that are incorporated into a variety of secondary metabolites. However, there is a clear specialization of these enzymes for one activity or the other. It also reveals that, although two amino acid residues are absolutely conserved among one or the other kind of enzyme, they alone are not responsible for the specialization.
*Correspondence to: [Jill Zeilstra-Ryalls]. E-mail: jzeilst@bgsu.edu presence of an ALA synthase gene. In 2006, this discrete distribution of the two pathways appeared to be nullified when an ALA synthase gene was identified in the asukamycin-producing subspecies of Streptomyces nodosus, strain ATCC 29757. 2 However, mutants disabled in the gtr gene, whose product catalyzes the first dedicated reaction of the C5 pathway for ALA formation, are auxotrophic for ALA. 2 Functionality of the C4 enzyme was demonstrated by overexpression complementation for ALA of both E. coli and Streptomyces mutants disabled in the C5 pathway. 2 Presumably, the low activity of the enzyme 2 accounted for the ALA auxotrophy of the C5 pathway mutants.
The role of the ALA synthase gene in these bacteria became clearer when it was found that S. nodosus subsp. asukaensis mutants disabled in the gene lost the ability to produce the secondary metabolite asukamycin. 2 Subsequently, Zhang et al. 3 showed that this enzyme can catalyze a second PLPdependent reaction, in which ALA-CoA is cyclized to form 2-amino-3-hydroxycyclopent-2-en-1-one five membered rings, or C 5 N units [ Fig. 1(A) ]. These C 5 N units are precursors of many secondary metabolites including asukamycin [ Fig. 1(B) , top], which is produced in S. nodosus subsp. asukaensis. It explains the asukamycin-minus phenotype of the mutants observed by Petr ıcek et al. 2 ECO-02301 [ Fig. 1(B) , bottom] is another secondary metabolite with a C 5 N unit. It is produced by Streptomyces aizunensis NRRL-B-11277, the species used in establishing the ALA-CoA cyclase activity. 3 Whether or not all ALA synthases possess this cyclizing function has not been determined. However, since organisms in which this second activity has been demonstrated rely upon the C5 pathway for ALA used in tetrapyrrole production, 2 it is possible that there may be a specialization among the ALA synthases, such that some of them do, and others do not possess cyclizing activity. This possibility raises questions as to what structural features of the enzymes contribute to this specialization, and what evolutionary events lead to this outcome. A recent phylogenetic study 4 extended the earlier observation of Pet r ıček et al. 2 that the so-called cyclizing ALA synthases, those whose primary function is to produce C 5 N units for secondary metabolites, have a serine at position 83, while a threonine is highly conserved at this position among all "classical" ALA synthases, which are those enzymes whose primary function is to produce ALA for tetrapyrrole formation. Pet r ıček et al. 2 also made note of a second contrasting serine versus threonine at position 363 between the two enzymes. The subsequent study of Pet r ıčkov a et al. 4 revealed their broader conservation. The importance of the amino acid at position 83 with respect to the cyclizing activity was supported by an in vivo study showing that substituting serine for threonine in the Streptomyces enzyme, even when overproduced, failed to support C 5 N formation. 5 However, as was true of the wild type gene, overexpression of the mutant gene encoding the S83T protein complemented growth of a mutant strain lacking the C5 pathway for ALA formation. Here, we report on a direct comparison of the activities of a cyclizing-type enzyme and a classical ALA synthase, as well as mutant proteins in which serines and threonines at positions 83 and 363 were swapped. Towards developing a better understanding of the distinctions between these enzymes, we also considered the significance of our findings by evaluating structural models of these proteins, within the context of other structure-function studies.
Results and Discussion

Purification of wild type and mutant proteins
To examine the properties of AcaC, responsible for C 5 N unit production in S. aizunensis, and HemA, responsible for ALA formation in Rhodobacter sphaeroides, and to compare them to the properties of mutant proteins in which serines at positions 83 and 363 were replaced with threonines or vice versa, alleles encoding polyhistidine-tagged versions of the wild type and mutant genes were constructed and expressed in E. coli. The affinity-purified protein products migrated as single bands near the 50 kDa molecular mass marker band (Fig. 2) , and they were also detected in the same polyacrylamide gels by the InVision his-tag in-gel stain (Fig. 2 ). ImageJ analysis 6 estimated that the proteins were greater than 90% pure.
ALA-CoA cyclase and ALA synthase activities
Using a previously developed enzyme-coupled in vitro assay, in which ALA-CoA substrate is generated by the action of S. aizunensis NRRL-B-11277 ALA-CoA ligase, 3 C 5 N production was detected for wild type
HemA of R. sphaeroides ATCC17029. However, the cyclase activity was approximately 10% of that of wild type AcaC protein (Fig. 3 ). This confirms that critical differences in amino acid sequences between the two enzymes are responsible for their specialization. The cyclase activities of the S83T and S363T singly substituted AcaC proteins were 60% that of wild type AcaC, and C 5 N formation by doubly substituted AcaC was 30% that of the wild type protein (Fig. 3 ). Since these residues are within the active site, 3 the decrease in the cyclase activity of the AcaC mutant enzymes may be due to narrowing when serine residues are changed to threonine. The narrowing could affect ALA-CoA binding. This predicts that the opposite should be true for threonine to serine substitutions in HemA. However, the cyclase activities of HemA proteins having T83S and T363S substitutions alone and in combination were 86-90% that of wild type HemA (Fig. 3) . Thus, while the residues at positions 83 and 363 are important for ALA-CoA cyclase activity, they are not solely responsible for differentiating dedicated ALA synthases from dedicated ALA-CoA cyclases. The same conclusion stems from the observation that the HemA mutant enzymes were also reduced in their cyclizing activities. The ALA synthase specific activity of purified wild type AcaC protein was approximately 315-fold lower than that of wild type HemA (Table I) , and the mutant AcaC proteins were not improved in their ALA synthase activities. Rather, both singly and doubly substituted proteins were so reduced in their specific activities (Table II) as to make it impossible to accurately determine their kinetic properties. ALA synthase activities of the singly substituted mutant HemA proteins were also reduced relative to wild type HemA enzyme (Table I) , which indicates that the residues at positions 83 and 363 are important for catalysis of ALA formation as well. However, these residues alone do not distinguish an enzyme that primarily functions in ALA synthesis from one that efficiently catalyzes cyclization of ALA-CoA.
In comparing the ALA synthase kinetic properties of wild type AcaC to wild type and mutant HemA enzymes, we found that the higher K m for succinyl-CoA of AcaC was consistent with the higher values of the serine-substituted HemA mutant enzymes, which then more closely resemble the cyclase amino acid sequence. However, the much higher K m value for glycine of wild type AcaC was not in keeping with the lower values of the HemA mutant enzymes relative to the wild type ALA synthase (Table II) . For R. sphaeroides HemA versus S. aizunensis AcaC, the results indicate that the amino acid sequence contexts of both residues 83 and 363 are a confounding factor.
Sequence and structural model considerations
Structural and other studies of ALA synthases have shown that threonine 83 forms a hydrogen bond with the carboxylate oxygen of succinyl-CoA. 7 This residue also plays an important role in the specificity of the enzyme for glycine. [8] [9] [10] Threonine 363 (corresponding to threonine 365 in Rhodobacter capsulatus ALA synthase, whose crystal structure has been solved 7 ) forms a hydrogen bond with the second oxygen of the carboxyl group of succinyl-CoA, which is important for the recognition and stabilization of succinyl-CoA in an optimal orientation for catalysis. 7 To examine the structural consequences of the differences in amino acid residues at positions 83 and 363, the wild type and mutant proteins docked with each of the substrates were modeled (Fig. 4 ) using R. capsulatus ALA synthase as template. The models indicate that (1) although hydrophobic interactions of the methyl groups of the threonines 7 are missing in proteins having serines at the same positions, the hydrogen bonds between residues 83 and 363 and the carboxyl group of succinyl-CoA 7 are present in AcaC and
HemA wild type and mutant proteins; (2) neither serines nor threonines form hydrogen bonds with ALACoA; and (3) the presence of serine at position 83 might eliminate steric hindrance with ALA-CoA of the methyl group of a threonine at this position. Percent relative cyclase and ALA synthase activities of purified S. aizunensis AcaC wild type and mutant proteins (AcaC_S83T, AcaC_S363T, and AcaC_S83/S363T), and R. sphaeroides ATCC17029 HemA wild type and mutant proteins (HemA_T83S, HemA_T363S, and HemA_T83S/T363S). The activity of S. aizunensis wild type AcaC was considered to be 100%. Values are the averages of three assays with standard deviations indicated. Collectively, the models suggest that either of the substrates can bind to all of the enzymes, and that a T83S-substituted HemA protein would have improved ALA-CoA cyclizing activity while a S83T-substituted AcaC protein would have reduced activity. As predicted from the models, we found that the cyclizing activities of threonine-substituted AcaCs were lower than the wild type enzyme, and ALA synthase activity was reduced for all of the serinesubstituted HemAs relative to the wild type. However, in no instance was an enzyme improved with respect to its other activity; rather the secondary activities of the mutant enzymes were also reduced. Thus, the data argue that the threonine or serine residues at positions 83 and 363 do not distinguish an enzyme that functions primarily as an ALA-CoA cyclase from one that predominantly catalyzes ALA formation.
As was observed here for R. sphaeroides Hem-A_T83S, a decrease in the K m for glycine has also been reported for R. capsulatus ALA synthase T83S mutant enzyme. 8 However, the succinyl-CoA K m for the mutant R. capsulatus ALA synthase is unchanged relative to the corresponding wild type enzyme, 8 whereas that of R. sphaeroides Hem-A_T83S is more than five times greater than that of the wild type enzyme. Reasons for this are not clear. Other than the serine/threonine differences between S. aizunensis AcaC and R. sphaeroides HemA, all other residues that are reported to be important for PLP, glycine, and succinyl-CoA binding 7 are conserved between AcaC and HemA. To understand what other sequences might be important, we performed additional modeling studies based on the one solved structure of an ALA synthase (R. capsulatus 7 ) and related enzymes. We also considered what is known from additional studies of ALA synthases. A constraint to this analysis is the current lack of corresponding structural or mechanistic details for the ALA-CoA cyclases. The formation of ALA by ALA synthase involves an induced fit mechanism in which the enzyme undergoes a conformational change from the open conformation of the resting state to the closed conformation of the active state upon binding of substrate. 7, 11, 12 The solved crystal structures of R.
capsulatus ALA synthase in both open and closed Figure S2 shows the corresponding residues in S. aizunensis AcaC and R. sphaeroides HemA). The induced fit mechanism is conserved among all members of the aoxoamine PLP-dependent synthases of fold type I. 12 Each of these enzymes catalyze reactions involving a small amino acid and an acyl-CoA ester, with specificity being defined by optimal fit and orientation of substrates in the active site. Differences in the movements of the four flexible regions that are presumably best-suited for each individual induced fit could potentially contribute to enzyme performance as well. These unique movements are apparent from superpositioning the available solutions of the crystal structures of fold type I enzymes, those of Escherichia coli AONS (8-amino-7-oxonanoate synthase) 13 and Rhodobacter capsulatus ALA synthase, 7 in open and closed conformations (Supporting Information Fig. S3 ). By extension, an unsuitable level of flexibility of these regions could contribute to the poor ALA synthase activity of AcaC. Consistent with this thinking, we found that the amino acid sequences of the AcaC and HemA differ in each of the four flexible regions (Supporting Information Fig. S2 ). However, because of the present limitations of homology modeling, predicted structures could not be used to substantiate such differences. To demonstrate these limitations, we used R. capsulatus ALA synthase as a template to model another fold type I PLP-dependent enzyme, Escherichia coli 8-amino-7-oxonanoate synthase (AONS). We then compared the modeled structure of AONS to its actual structure (Fig. 5) . Deviation between the homology models and known structures was greatest in the flexible regions. This constraint of present modeling methods has also been noted by others. 14, 15 Although modeling proved inadequate, other studies of ALA synthases provided support for the idea that the flexible regions are important in distinguishing ALA-CoA cyclases from ALA synthases:
-The flexible region encompassing residues 357-373 (R. capsulatus numbering; corresponding sequences for R. sphaeroides HemA and S. aizunensis AcaC are indicated in Supporting Information Fig. S2 ) includes T363 in HemA or S363 in AcaC. The importance of the dynamics of this region during the catalytic cycle of ALA synthase activity is underscored by several studies. 12, 16 Of greatest significance here was the finding that hyperactive mutant ALA synthases, including the most active mutant enzyme, which has seven amino acid substitutions in this region, are altered at residues other than that corresponding to residue 363. 12 Our investigations are completely compatible with the previous studies 12, 16 in that they indicate that differences in the sequence context of T363 in HemA or S363 in AcaC supersedes the presence of either a threonine or serine at that position.
-Stojanovski et al. 9 have described the presence of two channels to the active site in ALA synthase. One channel is occupied by succinyl-CoA, while it is thought that the second channel could provide an alternate means for glycine to access the active site, and/or that ALA could exit the enzyme through this second channel. 9 In both AcaC and HemA, serine or threonine 83 and 363 (corresponding to residue 365 of R. capsulatus ALA synthase) are located at the bottom of this channel. Therefore, they would have little impact on second channel access and egress. According to Stojanovski et al., 9 the second channel is formed by different parts of the polypeptides of the dimeric enzyme. They span residues 1-24, 77-89, and 337-352. This includes two of the flexible regions of the protein, 10-24 and 316-354 (corresponding residues in R. sphaeroides HemA and S. aizunensis AcaC are identified in Supporting Information Fig. S2 ). The very high K m for glycine (restricted entrance of substrate) and the low k cat (limited exit of product) of AcaC could be explained by amino acid sequence differences in the second channel. A structural evaluation is again precluded by the present limitations of modeling.
In summary, our results support the hypothesis posed previously 3 that enzymes dedicated to ALA formation for tetrapyrrole biosynthesis also have ALACoA cyclase activity. However, we have found that the differences in amino acid residues at positions 83 and 363 between dedicated cyclases versus dedicated ALA synthases, as delineated by Pet r ıčkov a et al.
, 4 although important for the respective activities, are not by themselves responsible for distinguishing an enzyme that is evolved to function primarily as a cyclizing enzyme from one that is evolved to efficiently catalyze ALA formation. Rather, the data presented here argue that other/additional residues may be more important. While homologybased structural modeling was attempted to gain insights into what these residues might be, it proved unreliable. Based upon amino acid sequence alignment comparisons, within the context of what is known about the respective mechanisms of catalysis of ALA-CoA cyclases versus ALA synthases, we postulate that (1) the degree of flexibility of a loop including residue 363 that is located within the active site, and/or (2) differences with respect to accessibility of a second channel to the active site are dominant over the presence of threonines versus serines at positions 83 and 363 in delimiting the relative activities of these two kinds of proteins.
Materials and Methods
Cloning, mutagenesis, and overexpression, and purification of gene products
The enzyme for which cyclizing activity was first reported is the product of orf34 in Streptomyces aizunensis NRRL-B-11277. 3 Here, it is referred to as AcaC (ALA-CoA cyclase). The enzyme encoded by the Rhodobacter sphaeroides ATCC17029 hemA gene represents the classical ALA synthases and is referred to here as HemA. The constructs encoding AcaC_S83T, AcaC_S363T, AcaC_S363T, AcaC_S83T/ S363T, HemA_T83S, HemA_T363S, and Hem-A_T83S/T363S were generated using a QuikChange Lightning Site Directed Mutagenesis Kit (Agilent Technologies, Santa Clara CA), the primers listed in Supporting Information Table S1 , and either pET30-acaC 3 or a derivative of the pIND4 vector 17 with a modified R. sphaeroides ATCC17029 hemA gene encoding a C-terminus polyhistidine-tagged protein as templates. The latter plasmid was constructed by ligating a synthetic hemA gene having an NcoI recognition sequence at its 5 0 end and a HindIII recognition sequence at its 3 0 end into pIND4 cleaved with those same enzymes (the modified sequence of the wild type hemA gene is provided in Supporting  Information Fig. S1 ). All site-directed mutations were confirmed by DNA sequencing (UC Berkeley DNA Sequencing Facility). The pET30-based constructs were then transformed into E. coli BL21 Gold (DE3) (Agilent) for protein expression while the pIND4-based constructs were transformed into E. coli TOP10 (Invitrogen) or DH5aphe. 18 The bacteria were cultured in LB medium with kanamycin (final concentration 50 lg/mL) used for plasmid maintenance. Cultures of BL21 Gold (DE3) were induced with 0.12 mM IPTG, cultures of TOP10 were induced with 0.5 mM IPTG, and cultures of DH5aphe were induced with 0.4 mM IPTG. Optimized induction conditions for BL21 Gold (DE3) and TOP10 were addition of IPTG to cultures of 0.4 OD600 grown at 378C that had been first cooled on ice for 10 min; the cultures were subsequently further incubated at 168C for 16 h. For DH5aphe cultures, optimized induction conditions were addition of IPTG to cultures of 0.6 OD600, followed by an additional incubation for 2 h at 378C. Purification of proteins that were examined for cyclase activity followed the protocol described previously 3 using buffers containing 50 mM HEPES, pH 7.5, and 20 lM PLP (Sigma-Aldrich, St. Louis MO). Proteins that were assayed for ALA synthase activities were affinity purified using His60 Ni superflow resin (CLON-TECH, Mountain View CA) and buffers of pH 7.2 containing 20 mM tricine, 25 mM NaCl, 20 lM PLP, 1 mM dithiothreitol, and 10% glycerol, (additional details are provided in the supplemental material).
Protein concentration determinations
For ALA cyclase assays, protein concentrations were determined using either a Nanodrop 1000 spectropho- 
SDS-PAGE and in-gel his-tagged protein detection
Proteins were analyzed for purity by SDS-PAGE using precast gels from either Invitrogen (Carlsbad, CA) or Bio-Rad Laboratories. Precision Plus Protein Kaleidoscope standards (Bio-Rad Laboratories) were used to estimate the molecular masses of proteins. The InVision reagent, which binds to polyhistidine amino acid sequences, was used to detect the presence of the polyhistidine tag on the purified proteins, following manufacturer's instructions (Invitrogen Life Technologies). The gels were fixed with fixing solution (40 methanol:10 glacial acetic acid:50 water, v/v/ v) for 1 h. After washing the gels twice for 10 min each with water they were incubated overnight with the InVision stain solution. Excess stain was removed with 20 mM phosphate buffer pH 7.8 for 10 mins, and the gels were immediately imaged on a UV transilluminator.
Enzymatic assays
An enzymatically coupled assay system was used to determine ALA-CoA cyclase activity, as previously described. 3 In this system, the CoA substrate for the cyclase is produced from ALA by purified ALA-CoA ligase, the product of S. aizunensis NRRL-B-11277 orf35. 3 The assays were performed in 20 lL of 50 mM HEPES (pH 7.5) containing 2 mM MgCl 2 , 2 mM ATP, 0.1 mM PLP, 2 mM CoA, 5 mM ALA, 20
lM ALA-CoA ligase, and 10-20 lM of each purified AcaC and HemA wild type and mutant enzyme.
Reactions were incubated at room temperature for 45 min, which was determined to be within the linear range of C 5 N production for the given concentration of wild type and mutant AcaC and HemA proteins, and were subsequently quenched with two volumes of acetonitrile. Precipitated proteins were removed by centrifugation, and the supernatant (20 lL) was analyzed by liquid chromatography-high resolution mass spectrometry (LC-HRMS). This analysis was performed on an Agilent Technologies 6520 Accurate-Mass Q-TOF LC/MS instrument with an Inertsil ODS-4 column (4.6 mm i.d., 250 mm length, GL Sciences Inc.) and a linear gradient of 0-12% acetonitrile 1 0.1% formic acid (v/v) over 30 min at a flow rate of 0.5 mL/min. ALA synthase activities of the wild type and mutant AcaC and HemA proteins were determined using the method of Burnham 19 as modified by Neidle and Kaplan. 20 Activity was measured at pH 7.2 and the optimal temperatures of 378C for HemA wild type and mutant proteins, and 308C for AcaC wild type and mutant proteins, respectively. In all cases, incubation times were 10 min, which was determined to be within the linear range for all enzymes. The 102 mL reaction volume contained 20 mM tricine, 9.8 mM MgCl 2 , 1.5 mM PLP, 200 lM succinylCoA, 150 mM glycine, and either 44 nM HemA wild type or mutant proteins, or 6.1 lM AcaC wild type or mutant proteins. Reactions were quenched by the addition of 50 lL 10% trichloroacetic acid. The amount of ALA formed during the reaction was determined by first converting it to ALA-pyrrole through chemical condensation at 1008C with 5 lL acetylacetone in 200 lL 1 M acetate buffer pH 4.7 for 15 min. Then, after cooling, 357 lL of freshly prepared modified Ehrlich's reagent (6.7 mM pdimethyaminobenzaldehyde in 42:8 (v/v) glacial acetic acid:70% perchloric acid) was added, the solution was incubated at room temperature for 20 min to allow for color development, and the absorption at 556 nm was determined. Enzyme activity was expressed as mmoles of ALA formed per hour, calculated using an extinction coefficient for the ALApyrrole derivative of 68,000 M 21 cm 21 .
19
Kinetic parameters were determined by assaying for ALA synthase activity with varying concentrations of glycine (10-1,000 mM) or succinyl-CoA (10-200 lM). The K m and V max values were estimated from data using nonlinear regression analysis.
Computer-assisted analyses
The nonlinear regression analyses were performed with SigmaPlot 14 software (Systat Software, San Jose, CA). Quantitative analyses of protein gel images to estimate purity were performed using ImageJ software. 6 Protein sequence alignments were generated using ClustalW version 2.0. 21 Protein models were generated using SWISS-MODELLER. [22] [23] [24] [25] Substrates were docked and images were generated using PyMOL (PyMOL Molecular Graphics System, version 1.8.0.0, Schr€ odinger, LLC, Cambridge, MA).
